An effective-index method (EIM) is used to analyze and design photonic crystal fibers (PCFs) for the terahertz radiation. By building an analogy between a conventional optical fiber and a PCF, the EIM solves the effective index of the fiber cladding and the effective modal index of a PCF analytically. The EIM is first validated by comparison with available data in the reference, showing that the role of material dispersion is negligible at higher frequencies. Terahertz PCFs with flattened dispersion are designed based on this method and the scaling property of the Maxwell equations.
Introduction
In recent years, terahertz (THz) radiation, a generic term for electromagnetic waves with a spectrum between 300 GHz and 10 THz, has attracted considerable interest. This is largely due to the multidisciplinary character of the research in THz fields and also the impressive areas of application. [1] [2] [3] To date, most of the THz systems rely on free space propagation due to the virtual absence of low-loss waveguides at THz frequencies. More recently, there have been reports of using plastic photonic crystal fibers (PCFs) as THz waveguides. 4 -6 PCFs consisting of a waveguiding core and a cladding layer with spatially periodic air holes are currently another subject of intensive research, because a number of unusual properties, such as being endlessly single mode, tailorable dispersion, and controllable mode area, have been demonstrated with such fibers. [7] [8] [9] The reported PCFs for THz frequencies were based on high-density polyethylene (HDPE) 4, 5 or polytetrafluorethylene (Teflon), 6 both of which have low loss in the THz regime. Thus, reasonably long and low-loss terahertz photonic crystal fibers (TPCFs) have been realized. In view of the rapid progress in both the THz and the PCF fields, TPCFs with better-controlled properties can be envisaged.
The design of PCFs generally requires timeconsuming numerical methods due to the complexity of the fiber profile. 7 In this paper, we present a numerical analysis of the dispersion properties of TPCFs using a simpler effective-index method (EIM) that has been developed and improved over the years in the PCF research area. 10 -15 In Section 2, we outline the basic idea of the vectorial EIM we have previously used to analyze the dispersion of silica-based PCFs, 12 and then in Section 3 we validate its applicability to TPCFs by comparison with available data. Next, as a further application of the EIM, TPCFs with flattened dispersion are designed. Finally, a conclusion is drawn in Section 5.
Effective-Index Method
The principle of EIM is schematically illustrated in Fig. 1 , where a PCF with air-hole diameter D and air-hole pitch ⌳ is approximated as a step-index fiber with an effective cladding index n eff and an effective core radius ϭ D eff ͞2. The core index n core is that of the material n mat .
Once determined, these values can be used to define the effective V eff parameter for PCFs 10, 13, 14 :
where k ϭ 2͞, and is the wavelength in vacuum.
Other related quantities, e.g., the modal index of the fiber, can be obtained from V eff 13,14 using well-known equations in conventional optical fiber theory. 16 In this two-step process, the effective index of the fiber cladding n eff needs to be calculated first either analytically 10, 17 or numerically. 13, 18 n eff is defined as the index of the fundamental space-filling mode of a two-dimensional photonic crystal. 10, 17 In a fully vectorial EIM, 12 n eff is calculated analytically on a vectorial basis, where the hexagonal unit cell is approximated as a circular one of radius R. 17, 19 The characteristic equation to be solved is 17, 19 
. (2) In Eq. (2),
where
, ␤ ϭ kn eff is the propagation constant, a ϭ D͞2 is the air-hole radius, I 1 is the modified Bessel function of the first kind of order 1, and J 1 and Y 1 are Bessel functions of the first kind and second kind of order 1, respectively.
As can be seen, the EIM establishes an analogy between a conventional optical fiber and a PCF, thus allowing the related quantities of interest to be determined efficiently.
Previous studies have shown that the EIM is fully applicable to the analysis of silica-based PCFs [11] [12] [13] [14] [15] provided that proper parameters are used in Eqs. (1) and (2), and we also used the EIM to calculate the dispersion parameter of PCFs. 12 In a recent study, 19 we have shown that, to obtain n eff accurately, R ϭ ⌳͓ͱ3͑͞2͔͒
1͞2 is the proper choice for the radius of the circular unit cell based on a comparison with the plane-wave method in Ref. 18 . This value implies that the hexagonal and the equivalent circular unit cells have the same area. 10 As shown by Koshiba et al., the effective core radius is found to be ϭ ͱ3⌳͞3. 13 Up to this point, the modal index of a PCF can be calculated using the EIM. Figure 2 shows a comparison between the effective modal index and the group index of a HDPE PCF obtained by the EIM with those from Ref. 5 . The material index used in the EIM is taken to be n mat ϭ 1.5. 5 The parameters of the fiber are taken to be ⌳ ϭ 500 m and D ϭ 400 m.
As can be noted, there exists some discrepancy between the numerical effective index of the PCF by EIM and the experimental value from Ref. 5, and the difference is decreasing at higher frequencies. The agreement in terms of the group index, however, is much better. This can be understood as follows: The material dispersion of HDPE is only weakly dependent on the frequency in the THz region and is even weaker at higher frequencies, as shown in the measurements. 20 Although small, if neglected, such as in the analysis by EIM, the material dispersion will lead to small discrepancies in the effective modal index between the numerical and experimental results. At higher frequencies, the mode will be more confined in the fiber core, resulting in the modal index approaching the material index, and hence the difference is small. Another highly possible reason for this discrepancy is the inconsistency regarding the fiber parameters stated in Refs. 4 and 5. It seems that the authors claimed an air-hole pitch of ⌳ ϭ 500 m and an air-hole diameter D ϭ 400 m, while at the same time saying that the air fraction was 0.673, implying On the other hand, the role of the weakly frequencydependent material dispersion can be diminished in the group index and the group-velocity dispersion (GVD), which are related to the effective modal index and its derivatives. This is further borne out by the GVD curve of the PCF shown in Fig. 3 . The zerodispersion wavelength determined by the EIM is 0.501 THz, in perfect agreement with the measured zero-dispersion wavelength 0.5 THz. 5 Between 0.6 THz and 0.8 THz the dispersion is below Ϫ0.4 ps͞ ͑THz·cm͒, also in agreement with the measured data. Above 0.6 THz, the dispersion is less than Ϫ0.3 ps͞ ͑THz·cm͒. 5 Thus we can see that in the THz regime the material dispersion plays a minimal role in the total GVD, and this is especially true at higher THz frequencies.
Design of Dispersion-Flattened Terahertz Photonic Crystal Fibers
As has been shown in Refs. 4 and 5, the PCF dispersion led to pulse broadening by a factor of more than 6 when THz radiation transmitted through these waveguides. For the THz pulses to be possibly compressed with better quality, the third-order dispersion of the PCFs should be minimized, which means that the GVD curve should be as flat as possible. The issue of dispersion-flattened PCFs has been considered previously for silica PCFs from a numerical point of view, [21] [22] [23] and PCFs with flattened dispersion have also been demonstrated. 24 Thus one has reason to anticipate that THz transmission can also be controlled by TPCFs with flattened dispersion.
In this section, using Teflon as an example ͑n mat ϭ 1.44͒, 20 we adopt the EIM to design TPCFs with flattened dispersion around 1.5 THz, which is the central frequency of our THz system. 25 The procedure is now much simpler: the material dispersion of PCFs in this region can be neglected, and a simple scaling property exists for the Maxwell equations as given below 21 :
Equation (3) states that when a structure with a fixed D͞⌳ ratio is scaled by M, the dispersion is divided by M, and the corresponding wavelength shifts to M. This property is clearly observed in Fig. 4 for a Teflon fiber with D͞⌳ ϭ 0.8 for different air-hole pitches ⌳. It can be seen that at higher frequencies around 1.5 THz, the dispersion can be finely tuned by carefully choosing the air-hole pitch ⌳.
Besides ⌳, another degree of freedom is the air-hole diameter D, and its influence on the dispersion is shown in Fig. 5 for a Teflon fiber with ⌳ ϭ 500 m. A natural result observed is that the larger the air-hole size, the stronger the GVD.
Dispersion-flattened TPCFs can be designed by first choosing the scale parameter M for an appropriate D͞⌳ and then by fine tuning of the air-hole size D once ⌳ has been determined. As a final result, we Depending on the requirements, TPCFs with tailorable dispersions can be engineered.
Conclusion
In summary, we have shown that an effective-index method with properly defined parameters can be highly accurate in obtaining the modal index and the dispersion parameter of photonic crystal fibers designed for the terahertz regime, thus greatly facilitating terahertz photonic crystal fiber analysis and design. The weak material dispersion of the terahertz photonic crystal fibers allows the dispersion parameter to be simply scaled, and terahertz photonic crystal fibers with flattened dispersion are designed by the effective-index method.
